Introduction of apomixis, asexual reproduction through seeds, into crop species has the potential to dramatically transform plant breeding. A new study demonstrates that traits can be stably transferred between generations in newly produced apomictic lines, and heralds a breeding revolution needed to increase food production for the growing planet.
The invention of the printing press by Johannes Gutenberg around 1440 permitted the mass production of books, which previously had been copied by hand -an inefficient, laborious and error-prone process. The ability of the printing press to make perfect copies of existing material enabled a dramatic increase in both the diversity of titles and number of copies per title -increases that spurred Renaissance [1] . Apomixis, asexual reproduction through seeds, could cause a similar paradigm shift in plant breeding, leading to rapid mass production of new cultivated varieties (cultivars). Apomixis is a natural plant reproduction system which has been found in 250 plant species. Well-known examples of apomicts are dandelions, Kentucky blue grass, and blackberries. Although apomixis has evolved independently in many plant genera, it is rare -only 1 in 1,000 species is apomictic. Importantly, while none of the major crops are currently apomictic, its occurrence throughout the angiosperms suggests that apomixis can be introduced into crops. A new study by Sailer and colleagues in this issue of Current Biology clearly demonstrates the ability of apomixis to generate perfect copies of newly derived plant lines, highlighting the value of apomixis in reducing the time and expense of breeding new cultivars, which will have a huge impact on agriculture [2] .
During normal sexual reproduction, the hybrid genotype would segregate in the offspring, which, in a high-yield cultivar, would result in the loss of the superior phenotype that had been selected for ( Figure 1A ). Over eighty years ago, Russian geneticists M. Navashin and G.D. Karpechenko first suggested that apomixis could be used to fix the genotype of hybrid plants (and consequently the superior phenotype) [3] . Since then, the theoretical concept of apomixis breeding has developed [4] . The crux of apomixis breeding is that pollen of apomicts could transmit dominant apomixis genes in crosses with sexual plants ( Figure 1B) . Seeds of the selected apomictic plant with a superior phenotype could then be used directly for replicated field trials and ultimately released as a new cultivar. Once established, further improvements are possible by using the apomictic cultivar as pollen donor in crosses with sexual plants. Currently, the development of a completely new cultivar of an annual crop takes at least 7-12 years to bring to the market, with costs from hundreds of thousands to millions of dollars [5] . With the introduction of apomixis breeding, this process could be reduced to only a few years, significantly reducing costs. Moreover, the bulk seed production of established apomictic varieties will be logistically much less complicated than that of present-day sexual F1 hybrids. The reduction in breeding and seed-production costs would allow the development of more cultivars that are better adapted to local environments, reducing the problems associated with the repeated growth of few cultivars in a region (i.e., monocultures). Thus, like the printing press, apomixis breeding would lead to a dramatic increase in both the number and distribution of high yield cultivars across the world, due to the ability of making perfect copies of high yield cultivars.
While the common presence of widespread, morphologically distinguishable clones (i.e., microspecies) in many wild apomictic species suggests phenotypic stability over many generations, it was not known if this holds for all new apomictic lineages, or only for a small subset. Furthermore, even if new apomictic lineages are genetically uniform, it is possible that phenotypic variation could be observed due to epigenetic variability (i.e., heritable phenotypes not due to changes in the genomic sequence). The critical proof-of-principle for a basic requirement of apomixis breeding -the phenotypic stability of new apomictic clonal lineages over multiple generations -is now provided by Sailer and colleagues [2] .
Since apomictic crops are not yet available, Sailer and colleagues used a natural hawkweed species (Hieracium pilosella) with both sexual and apomictic varieties to produce new apomictic lineages, echoing Gregor Mendel, who made similar crosses with Hieracium almost 150 years ago looking for 'constant hybrids' (although without knowing the existence of apomixis) [6] . Unlike Mendel, the current work used quantitative analysis to measure the phenotypic stability of 11 new apomictic lines over two generations in a single experiment. In total, twenty complex quantitative reproductive, vegetative and growth traits were measured. Most of these traits are important in an agricultural context -such as fertility, total seed mass, stem length, and rosette diameter at flowering. Rigorous statistical testing showed that 18 of the 20 traits were stable across generations in 10 of the 11 apomictic lines. The two traits that were unstable were related to onset of flowering, which is known to be a trait with a strong epigenetic component [7] . Additionally, one of the apomictic lines was unstable for most traits, which the authors suggest may also be due to epigenetic phenomena. While only found in 10% of the total lines produced, unstable epigenetic marks may not ultimately impact apomixis breeding (as selection can be applied for stable lines or traits), but both observations indicate that the inheritance of epigenetic changes though asexual reproduction is clearly an area that will warrant further investigation. Thus, this new study provides proof-of-principle that genetically complex traits can be fixed by apomixis and that different lines can be selected for different phenotypes, as is critical for the apomixis breeding scheme.
With the demonstration that apomixis breeding could be viable, the next challenging task will be the introduction of apomixis into sexual crop species. In wild species, apomixis is often controlled by one or two dominant loci [8] . Attempts to introduce apomixis genes from wild apomictic relatives directly into crops by crossing, however, have to date been unsuccessful (e.g. from Tripsacum into maize [9] ). An alternative approach has been to identify the genes involved in apomixis, identify the causative allelic differences between the apomictic and sexual versions, and introduce these changes into the corresponding genes in crops. Recently, the first natural apomixis genes have been cloned: for example, the Apollo gene in Boechera [10] , and ASGR-BABY BOOM-like (PsASGR-BBML) in Pennisetum [11] . Another critical component necessary for the introduction of apomixis breeding into crops was demonstrated when the Pennisetum PsASGR-BBML gene was introduced into normally sexual rice and the resulting plants developed embryos from egg cells without fertilization (i.e., parthenogenesis) [11] . In combination with the technological advancements that allow the more rapid identification of apomixis genes, knowledge and understanding of the functioning of natural apomixis genes will provide clues about how to modify sexual crops into apomictic crops, because additional hurdles to apomixis breeding still exist.
An asexual breeding revolution driven by apomixis would come at a critical time for humanity -a dramatic increase in food production is needed, and the ability to rapidly make perfect copies of high-yield cultivars may be part of the solution. It is estimated that, by the year 2050, food production will need to be increased by 50-70% above current levels in order to feed a world population expected to be over 9 billion [12] . Based on the impact of climate change and its associated variability, the new, improved cultivars needed will not only be required to be superior to the current cultivars in terms of yield, but will also have to have significant improvement in both water and nitrogen use efficiency, and be capable of handling both biotic stresses (i.e., pathogens such as viruses, fungi, insects, and nematodes) and abiotic stresses (such as heat, drought, and flooding) [13] . The study of Sailer et al. [2] clearly indicates that apomixis breeding will be a powerful tool to quickly and inexpensively develop the types of elite cultivars that can thrive in these dynamic conditions and can ultimately meet the food production needs for 2050 and beyond -and with this new-found food security, perhaps spur on another Renaissance?
7. Sun, C., Chen, D., Fang, J., Wang, P., Deng, X., and Chu, C. (A) Effect of different reproductive mechanisms on phenotypic segregation. F1 hybrids are more vigorous than their inbred parents (heterosis). With sexual reproduction (here self-fertilization, left arrow), the superior phenotype breaks down in the next generation due to segregation; whereas with apomictic reproduction (right arrow), heterosis is conserved. (B) The principle of apomixis breeding. In this example, apomixis is controlled by a single dominant gene, which can be transmitted through haploid pollen grains. In a cross between a sexual seed parent (aa) and an apomictic pollen donor (Aa), half of the progeny will be sexual (aa) and half will be apomictic (Aa). The phenotypically superior progeny plants that are apomictic (blue asterisks) can be selected and seeds from these plants can be directly evaluated in test trials. Additionally, the apomictic progeny can also be used for subsequent rounds of breeding to develop new lines, because, in contrast to sexual breeding, the parents do not have to be highly inbred.
